Small-angle X-ray scattering experiments reveal the formation of large-scale structures when a 60 wt% poly(vinylpyrrolidone) (PVP)±water mixture is cooled to 260 K. The formation of these structures leads to an enhancement of continuous small-angle scattering with decreasing temperature. This is accompanied by the appearance of sharp Bragg peaks that have a very short lifetime. The scattering angles of these peaks are in accordance with a hexagonal columnar structure. It appears that such structures occasionally live long enough to undergo rotational Brownian motion.
Introduction
Poly(vinylpyrrolidone)±water solutions show a remarkable behaviour at temperatures below the normal freezing point of water, in particular at concentrations above about 57 wt% PVP, where the solutions show a peculiarity in the phase diagram known as`unfreezable water'. This term expresses the fact that the liquidus of the temperature versus composition (T±x) binary phase diagram, which starts at low concentration in a perfectly normal way, bends sharply downwards and seems to become vertical at about 60 wt% polymer. Cooling of such high-concentration solutions does not result in segregation of ice; there is just a rapid increase in viscosity. Such a diverging slope of the liquidus in a T±x phase diagram cannot be understood in terms of a system of two components in thermodynamic equilibrium. Evidence has been given for the existence of a glass transition at temperatures ranging from about 230 to 280 K for concentrations of about 60 to 75 wt% PVP (M = 30 000 g mol À1 ) (Franks, 1982) . These data on states and transitions are based on vapour-pressure and calorimetry measurements (MacKenzie & Rasmussen, 1972) . More recent dielectric studies (Shinyashiki et al., 1994) on M = 10 000 g mol À1 solutions con®rm the phase diagram, but estimate the glass transition temperatures to be much lower, namely 158±165 K.
We report here the results of scattering measurements on PVP (Fluka, K15, M = 10 000 g mol
À1
) solutions in water of concentration 60 wt% PVP.
Experimental
Temperature recordings during the X-ray scattering experiments showed that small amounts of heat are released intermittently, during cooling as well as during periods when the temperature is held constant, down to 250 K. Similar observations were made for a 65 wt% and a 70 wt% PVP sample. The estimated amount of heat released is of the order of 10 J g À1 in all cases.
For the small-angle X-ray scattering (SAXS) experiment, a small drop of the solution was held between two shallow brass cups, which were cooled with the aid of Peltier elements. The distance between the cups could be varied in such a way that an approximately cylindrical drop, with 5 mm diameter and 5 mm height, of free surface was obtained. Scattering from cell walls was avoided in this way. Most of the X-ray scattering experiments were performed at the Synchrotron Radiation Source at Daresbury, UK. Scattering was measured as a function of the scattering angle from the direct beam, de®ning a scattering wavevector modulus q = (4%/!) sin , with ! = 0.15 nm, the wavelength of the X-rays. A quadrant detector was used in conjunction with a curved delay-line detector. This allows us to measure both the small-(SAXS) and the wide-angle X-ray scattering (WAXS) intensity simultaneously. Diffractograms could be collected every 20 s.
Results
Two key observations were made in the X-ray scattering experiments at temperatures below approximately 263 K. First, pronounced continuous scattering at small angles is observed (Fig. 1) , indicating the presence of large-scale structures. The typical length scale associated with the scattering is 2%/q = 30 nm. This length scale does not change when the temperature is lowered to 250 K; the amplitude, however, increases considerably ( Fig. 1, inset) .
The second observation is that in roughly 10% of the 20 s frames, sharp scattering peaks appear, at a wavevector value of 0.1 nm À1 and higher, on top of the rising scattering curve. Such peaks appear mostly in one or two 20 s frames only, and have a varying ratio between the width and the value of the scattering vector, Áq/q. It is signi®cant that the narrower and more intense peaks often appear in combinations, while the broader peaks are mostly solitary.
In Bragg scattering, the Áq/q ratio is proportional to the ratio of the unit length in a periodic array, to the total magnitude of that array, i.e. the number of units. Moreover, an array of only a limited number of units will not show scattering from planes with high indices. This led us to the inference that assemblies of polymer molecules and water form units that occasionally form periodic arrays of linear dimension 50± 500 nm in magnitude. Such periodic arrays may give rise to interference peaks (Bragg peaks); the larger arrays also show scattering from planes with higher Miller indices. This effect is beautifully seen in Fig. 2 Table 1) .
The unit-cell dimension follows from the lowest q vector value observed, 0.157 nm
À1
, and is 40 nm. Again, this length scale does not depend on the temperature. The inference is that the hexagonal columnar structure contains a large number of long cylindrical aggregates of 40 nm diameter, aligned in a two-dimensional hexagonal array. There is a resemblance to the behaviour of lyotropic liquid crystals, where the molecules have a tendency to form structures of various shapes and sizes. However, the PVP (M = 10 000 g mol À1 ) molecules in stretched helical form will only be about 18 nm long and 1 nm in diameter. There are many possibilities to organize such molecules, including attached water, into units of 40 nm diameter and undetermined length. One may consider twinning into bundles, with or without a core (Livolant & Bouligand, 1986) , or folding of sheets.
The observed peaks, also those shown in Fig. 2 , are mostly restricted to one single 20 s frame. At the European Synchrotron Radiation Facility in Grenoble, France, we could at a later stage reduce the frame times to 0.1 s, and found lifetimes of the order of 1 to 10 s. An example is shown in Fig.  3 . Lifetimes seem to be longer at lower temperatures, but a Excess scattering at small angles by a 60 wt% PVP sample at T = 254 K (line) and 270 K (dots). The intensity of the latter has been multiplied by a factor of six in order to demonstrate that the characteristic length scale does not change, but the amplitude does. The inset shows the amplitude of the X-ray signal as a function of the temperature. Table 1 The absolute values of the scattering vectors at which the intense sharp Bragg peaks shown in Fig. 2 Figure 3 The intensity of an observed peak at 0.156 nm À1 . The 60 wt% PVP sample was at a temperature of 247 K.
quanti®cation of this effect would require very extensive measurements and a statistical approach.
Discussion
There are two possible explanations for the intermittent appearance of the characteristic Bragg peaks. It could be that the structures that cause the interference peaks only exist for short times, because they are being formed and broken continuously. The second possibility is that long-living structures diffuse slowly in a viscous liquid. In the latter case, Bragg peaks will only appear when the interference condition is satis®ed, i.e. when the planar reciprocal lattice and the Ewald sphere, which is determined by the scattering wavevector, intersect favourably. The probability that the reciprocal-lattice plane and the practically¯at part of the Ewald sphere almost coincide is rather small. Mostly there is only a line of intersection. It explains the low percentage of frames with no peaks at all. Nonetheless, this is evidently the case during a series of time intervals in the run of Fig. 2 . Indeed, the repeated simultaneous appearance of re¯ections at scattering wavevectors associated with the (12) and (03) , associated with the (01) and (13) planes, even show a regular movement of the intersection circles in time. It is this regularity that convinces us of the correctness of the latter interpretation.
Observation of the WAXS region shows that at low temperatures, occasionally a single sharp Bragg peak is observed at 30.6 nm
À1
, corresponding with a 0.2 nm distance. This is the position of the 103 diffraction peak of ice. Since there is no trace of diffraction peaks of other planes, we must assume that the isolated occurrence of this one diffraction peak is the result of the presence of disproportionately many (103) planes. This might be caused by needle-shaped ice crystals. Because the measured heat effect was only 10 J g À1 , this can only refer to about 3% of the total amount of water present. A hard-to-con®rm guess is that the ice needles constitute the cores of the columns forming the large hexagonal structures. This ice might even be stacked in a disorderly way, since this would only little affect the diffraction by {10n} planes in a hexagonal ice structure (Hirth & Lotke, 1982) .
For the diffusional rotation of an object of radius R in a¯uid of viscosity , the characteristic time ( to rotate 1 radian is ( = 4%R 3 /k B T (Landau & Lifshitz, 1959) . From the 6 s visibility on a detector spot, corresponding to an angle of 7 Â 10 À5 radian, we estimate ( to be of the order of 10 5 s. Using the measured viscosity value of 114 Pa s at a temperature of 247 K (kindly supplied to us by D. Bonn, Laboratoire de Physique Statistique de l'Ecole Normale Superieure), a typical dimension R for the rotating object is calculated as 560 nm. This corresponds well with the order of magnitude estimated from the width of the Bragg peaks.
Conclusions
In PVP±water solutions of concentration higher than about 60 wt%, cooled below 260 K, long-living structures are formed, on a length scale of 30 nm. Variable numbers of such structures may together form aggregates of different sizes. The larger aggregates, especially, give rise to interferences that may show up as Bragg peaks under favourable geometric conditions. It can thus be ascertained that occasionally hexagonal arrangements of columns of undetermined lengths are formed, with centres that are, on average, 40 nm apart. This distance is determined by the balance between the attractive van der Waals forces and the repulsive hydration forces, just as in lipid bilayers (Cevc & Marsh, 1987) . Such clusters, of linear dimension greater than 500 nm, rotate slowly through the liquid. The heat release, which has been associated with the devitri®cation (Franks, 1982) of the glassy solutions around such temperatures, arises from the formation of the structures; probably from the formation of ice cores in the PVP columns.
It should ®nally be mentioned that solutions of PVP of higher molecular weight, such as 30 000 or 60 000 g mol
À1
, also occasionally show Bragg peaks in the same low-angle scattering region. However, we have never detected any consistent combination of q values such as for the M = 10 000 g mol
solutions. This does not, however, exclude the possibility that a similar structure building process takes place for such solutions, be it on a different time and length scale.
